Stomatin, prohibitin, flotillin, and HflK/C (SPFH) domain proteins are found in the lipid raft microdomains of various cellular membranes. Stomatin/STOPP (stomatin operon partner protein) gene pairs are present in both archaeal and bacterial species, and their protein products may be involved in the quality control of membrane proteins. In the present study, the crystal structure of the C-terminal soluble domain of STOPP PH1510 (1510-C) from the hyperthermophilic archaeon Pyrococcus horikoshii was determined at 2.4 Å resolution. The structure of 1510-C had a compact five-stranded b-barrel fold known as an oligosaccharide/oligonucleotide-binding fold (OB-fold). According to crystal packing, 1510-C could assemble into multimers based on a dimer as a basic unit. 1510-C also formed a large cylinder-like structure composed of 24 subunits or a large triangular prism-like structure composed of 12 subunits. These results indicate that 1510-C functions as a scaffold protein to form the multimeric assembly of STOPP and stomatin.
Introduction
Stomatin, prohibitin, flotillin, and HflK/C (SPFH) domain proteins are found in the lipid raft microdomains of various cellular membranes [1, 2] . More than 1,300 predicted members of annotated SPFH domain proteins have been identified to date [3] . Of these, human stomatin is a major component of vesicles produced by red cells [4] . In a form of hemolytic anemia known as hereditary stomatocytosis, the stomatin protein is deficient in the erythrocyte membrane due to mis-trafficking [5, 6] . Stomatin has been shown to interact with and modulate the activity of GLUT-1 [7] [8] [9] and acid-sensing ion channels (ASICs) [10, 11] . Stomatin is organized into high order homo-oligomeric complexes of approximately 300 kDa, comprising 9-to 12-mers [12] , and is localized in detergent-resistant membrane domains [13, 14] . Stomatin-like proteins have been found in most species of eukaryotes, bacteria, and archaea [1] .
We previously determined the first crystal structure of the core domain of stomatin PH1511 from the hyperthermophilic archaeon Pyrococcus horikoshii. In this structure, the SPFH domain was found to form a stable trimer, while three C-terminal a-helical domains extended from the apexes of the triangle [15] . Another stomatin, PH0470, also has the SPFH domain structure [16] . The crystal structures of the mouse stomatin-domain were shown to assemble into a banana-shaped dimer [17] . An autosomal-recessive disorder, nephritic syndrome type 2, has been specifically associated with mutations in NPHS2, which encodes podocin, and belongs to the stomatin protein family. Podocin accumulates in dimeric or oligomeric forms in lipid raft microdomains at the podocyte slit diaphragm [18] . The disease phenotype has been attributed to the altered heterodimerization and mislocalization of podocin, and the pococin homodimer model has been calculated based on the crystal structure of stomatin from P. horikoshii [15, 18] .
Stomatin and STOPP (stomatin operon partner protein) genes form an operon in more than 350 archaeal and bacterial genomes [16, 19] . STOPP is also known as nfeD (nodulation formation efficiency D). Simple sequence analyses [20] revealed that this family was comprised of long ($460 aa, long-STOPP) and short ($145 aa, short-STOPP) forms. Long-STOPP contains an N-terminal serine protease domain and C-terminal STOPP-specific domain [21] . Two sets of STOPP/stomatin gene pairs, PH1510 (long-STOPP)/ PH1511 (stomatin) and PH0471 (short-STOPP)/PH0470 (stomatin), have been identified in P. horikoshii. The N-terminal region of long-STOPP PH1510 (residues 16-236, Abbreviations: 1510-C, residues 371-441 of PH1510; 1510-N, residues 16-236 of PH1510; 471-C, residues 72-143 of PH0471; OB-fold, oligosaccharide/oligonucleotide-binding fold; r.m.s.d., root-mean-square deviation; STOPP, stomatin operon partner protein a catalytic Ser-Lys dyad (Ser97 and Lys138) and specifically cleaves the C-terminal hydrophobic region of the stomatin PH1511 [22] . When 1510-N cleaves a substrate, two degraded products are produced via acyl-enzyme intermediates [23] . The crystal structure of 1510-N [24, 25] is known to be similar to those of bacterial ClpP protease [26] and signal peptide peptidase [27] . Surface plasmon resonance (SPR) analysis revealed that two proteins, long-STOPP PH1510 and stomatin PH0470, interacted with each other [24] . No direct interaction between long-STOPP PH1510 and stomatin PH1511 was observed by SPR; however, these two proteins may interact because 1510-N is known to specifically cleave the C-terminal hydrophobic region of PH1511. Links between proteases and other SPFH proteins have also been observed in Escherichia coli. The E. coli SPFH proteins, HflK and HflC, were previously shown to form a complex with FtsH, a protease involved in protein quality control, and regulate FtsH activity [28] . Another E. coli SPFH protein, YbbK, which was renamed QmcA, forms an oligomer and interacts with FtsH [29] .
The C-terminal region of long-STOPP PH1510 (residues 371-441, 1510-C) was found to be homologous to the soluble core domain of short-STOPP PH0471 (residues 72-143, 471-C) with 33% sequence identity [21] . The solution structure of 471-C was determined to be a compact five b-strand barrel [30] , which was structurally similar to the soluble OB-fold domain of YuaF from Bacillus subtilis (sYuaF) [31] . We recently performed cross-linking and blue native polyacrylamide gel electrophoresis (BN-PAGE) experiments on 1510-C. In these studies, the 1510-C domain formed 12-to 24-mer oligomers [21] . However, the multimeric structure of STOPP has not yet been examined. To understand the multimeric properties and possible molecular function of 1510-C in more detail, we herein described the crystal structure of 1510-C, which indicated the formation of a multimeric assembly.
Results and discussion

Overall structure
The crystal structure of 1510-C, the C-terminal soluble domain of STOPP PH1510, was determined at 2.4 Å resolution by the molecular replacement method ( Table 1 ). The structure contained one 1510-C molecule in an asymmetric unit. The refined model contained residues 373-436 of the PH1510 and 21 solvent molecules. Clear and continuous electron densities were observed for all these residues. Based on the stereochemistry of the protein model evaluated with RAMPAGE [32] , no residues were located in the outlier region (Table 1) .
1510-C was previously shown to be organized into a compact five-stranded b-barrel fold with a 1-2-3-5-4-1 topology, which is known as an OB-fold domain [33] . Strands b3 and b5 were oriented in a parallel manner, while the other strands were oriented in an antiparallel manner (Fig. 1) . These structural features have also been observed in other related proteins, 471-C and sYuaF [30, 31] . Ser407, Val421, Leu429, and Val431 are perfectly conserved residues among several archaea and bacteria (Supplementary Fig. 1 ) [21] , and are located inside the b-barrel. As previously described [21] , 1510-C does not contain the conserved surface residues necessary for binding to nucleic acids.
Comparison of 1510-C with 471-C and sYuaF
Using PDBeFold [34] , each one of the solution structures of 471-C [30] and sYuaF [31] was individually superposed onto the crystal structure of 1510-C (Fig. 2) . 471-C had a root-mean-square deviation (r.m.s.d.) of 1.69 Å for 57 Ca atoms, while sYuaF had an r.m.s.d. Fig. 2 ). The five b strands were superposed well, whereas the N-terminus and loop region between the two b strands of 1510-C differed from those of 471-C and sYuaF. The location of Leu390 between b1 and b2 largely differed between 1510-C and 471-C (Supplementary Fig. 2A ). The loop between b1 and b2 of 1510-C was closer to the neighboring loop between b3 and b4 than those of 471-C. Due to intra-molecular interactions, residues in the loop between b1 and b2 had low Bfactors ( Supplementary Fig. 3 ). Pro392 was also located between b1 and b2, and its location was different between 1510-C and sYuaF ( Supplementary Fig. 2B ). This residue is involved in an inter-molecular interaction as described later. Gly400 was located between b2 and b3, and Phe409 was located between b3 and b4 ( Supplementary Fig. 2 ). Gly400 and adjacent Arg399 were exposed to the solvent, and, thus, had relatively high B-factors (Supplementary Fig. 3 ). Phe409 is an insertion residue, and the corresponding residue is absent in 471-C ( Supplementary Fig. 1 ). This residue is partly involved in inter-molecular interactions as described later.
Interaction with symmetry-related molecules
The structure contained one 1510-C molecule in an asymmetric unit. However, according to our previous BN-PAGE results, 1510-C (monomeric Mw = 9.2 kDa) showed a broad band of 110-220 kDa, indicating that 1510-C forms 12-to 24-mer oligomers [21] . We previously predicted a hexameric ring model of 1510-C based on the structure of subcomplex I of proteasomal-activating nucleotidase, the monomer of which contained an OB-fold domain [21, 35] . However, the multimeric structure of STOPP has not been reported until now. The interface areas between 1510-C and its symmetry-related molecules were calculated based on the crystal structure of 1510-C (Supplementary Table 1 ). Five pairs of 1510-C and its symmetry-related molecules showing large interface areas are shown in Fig. 3 , and all these pairs were related by crystallographic twofold axes. The largest interface area of 1510-C (interface 1) was 698 Å 2 , which was 16.3% of the total surface area (4,280 Å 2 ). Perfectly conserved residues Gly381, Val421, and
Val431 were included in interface 1. Interface 1 was mainly hydrophobic (Fig. 3) : Ile380, Phe409, Val422, and Val432 were involved in hydrophobic interactions (Fig. 4A ). Phe409 (84 Å 2 )
and Arg435 (125 Å 2 ) were major contributors to the interface area of 698 Å 2 . The aromatic side chain of Phe409 was in a van der Waals interaction with the side chain of Glu377. A total of eight water molecules were located at the interface, and were involved in forming a hydrogen-bonding network. The side chains of the charged residues, Lys376, Lys408, Asp423, Glu434, and Arg435, and the main chain atoms of Glu377, Ile380, Gly381, Val422, and Arg435 formed hydrogen bonds via water molecules. The second largest interface area of 1510-C was 337 Å 2 (Supplementary Table 1 ), and the interface mainly consisted of charged residues ( Fig. 3) , such as Glu414, Lys415, Glu417, Arg433, and Lys436 (Fig. 4B) . Two water molecules were hydrogen-bonded to the main-chain atoms of Lys415 and Lys436, and bridged the two molecules. However, no hydrogen bonds were observed other than these water molecules.
The interface area of interface 3 was 316 Å 2 (Supplementary Fig. 4A ). The interface area of interface 5 was 181 Å 2 (Supplementary Table 1 ).
Pro392 and Phe409 were involved in hydrophobic interactions ( Supplementary Fig. 4B ). A sodium ion and water molecules were located at the interface, and the water molecule was hydrogenbonded to the main-chain O atoms of Ser407 and Asn410. These solvent-mediated hydrogen bonds contributed to stabilizing interface 5. Given that dimer-forming interface 1 is considered to be a basic unit in the formation of a multimer, 1510-C formed a cylinder-like multimeric structure along the crystallographic sixfold helical axis ( Fig. 5 and Supplementary Fig. 5 ). In Fig. 5A , a dimer (shown in orange and surrounded by a rectangle with broad lines) and another dimer related by interface 4 (a rectangle with dashed lines) were located in a straight line. As the crystal belonged to space group P6 2 22, the interaction related by interface 2 (a rectangle with thin lines) produced a sixfold helical axis. The helical axis corresponded to the crystallographic c axis, which also corresponded to the long axis of rod-shaped crystals, indicating that the proteins were easy to be arranged along with the helical axis. The N-termini of all dimers were located outside the cylinder, while the C-termini of all dimers were located inside the cylinder (Fig. 5B) . The distance between the Ca atoms of the N-terminal residue Arg373 of the two molecules located oppositely around the center of the cylinder was 79.4 Å. Furthermore, the distance between the Ca atoms of the C-terminal residue Lys436 of the two molecules located oppositely around the center of the cylinder was 40.7 Å. These values indicated that the outer diameter of the cylinder was approximately 80 Å, while the inner diameter of the cylinder was approximately 40 Å (Fig. 5B) . 1510-C formed a 24 mer multimer as a basic unit of the cylinder, and the multimeric unit grew to a long cylinder along the sixfold helical axis. To the best of our knowledge, such a cylinder-like multimeric structure has not been reported in other OB-fold proteins until now.
A triangular prism-like multimeric structure along the crystallographic threefold helical axis
Another multimer was present given that the dimer-forming interface 1 was a basic unit. 1510-C formed a triangular prism-like multimeric structure along the crystallographic threefold helical axis ( Fig. 6 and Supplementary Fig. 5 ). As shown in Fig. 6A , a dimer (shown in orange and surrounded by a rectangle with black lines) and another dimer related by interface 4 (a rectangle with black dashed lines) were located in a straight line. As the crystal belonged to space group P6 2 22, the interactions related by interface 5 (a rectangle with red dashed lines) and interface 3 (a rectangle with red lines) produced a threefold helical axis. The helical axis corresponded to the c axis, similar to the cylinder-like multimer shown in Fig. 5 . The N-termini of all dimers were located around the interface of the two molecules as well as outside the triangular prism. The C-termini of all dimers were located outside the triangular prism (Fig. 6B) . The distance between the Ca atoms of the C-terminal residue Lys436 of the two adjacent molecules was 49.6 Å. This value indicated that one side of the triangle was approximately 50 Å (Fig. 6B) . No vacant space existed inside the triangular prism. 1510-C formed a 12-mer multimer to form two turns of the triangular prism. To the best of our knowledge, such a triangular prism-like multimeric structure has not yet been reported in other OB-fold proteins until now.
A hypothetical model of PH1510
According to the calculation using the SOSUI server [36] , long-STOPP PH1510 (441 residues) had five membrane-spanning regions. PH1510 possessed the N-terminal serine protease domain (residues 16-236, 1510-N) and C-terminal OB-fold domain (residues 371-441, 1510-C), as described (Fig. 7A) . The crystal structure of 1510-N [25] indicated that the 1510-N dimer bound to one substrate peptide of stomatin PH1511. The 1510-N dimer also exhibited protease activity based on activity staining using casein-copolymerized PAGE [22] . These findings indicated that the dimer of 1510-N may be a functional unit. Therefore, the 1510-C dimer may also be considered as a functional unit. Dimer-forming interface 1 is the most probable candidate for this unit due to having the largest interface area as well as several perfectly conserved residues such as Gly381, Val421, and Val431. The intact PH1510 has not been successfully prepared due to the presence of the membrane-spanning regions [22] , and the structure of PH1510 has not been determined. Then, hypothetical models of PH1510 were manually constructed ( Fig. 7B and C) based on the two types of multimeric structures of 1510-C described above and the crystal structure of 1510-N [25] . Although the arrangements of the four membrane-spanning regions between 1510-N and 1510-C remain unclear, the 1510-N dimer was placed by considering that these molecules did not clash with each other, and the C-terminus of 1510-N was located in as close proximity to The views of (A) and (B) are almost the same as that in Fig. 3A , and the view of (C) is almost the same as that in Fig. 3B . The crystallographic twofold axes are shown as black lines with ellipses. One molecule is colored yellow, and the symmetry-related molecules forming interfaces 1, 2, and 3 are shown in the same colors as those in Fig. 3 . Residues involved in the interaction are shown as stick models. Water molecules are shown as spheres colored red (one molecule), cyan (symmetry-related molecule forming interface 1), magenta (interface 2), and orange (interface 3). Hydrogen bonds are shown as dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) the N-terminus of 1510-C as possible. In both multimeric structures of 1510-C, 1510-N can bind to the outer surface of the 1510-C multimer. In Fig. 7B , the distance between the Ca atoms of the Pro137 of two 1510-N molecules located oppositely around the center of the cylinder was 171.5 Å, indicating that the approximate diameter of the cylinder-like multimeric model was 170 Å. In Fig. 7C , the distance between the Ca atoms of the Lys178 of two 1510-N molecules located oppositely around the center of the triangular prism was 136.7 Å, indicating that the approximate diameter of the triangular prism-like multimeric model was 140 Å. According to these models, 1510-C may be a scaffold domain that forms the multimeric assembly of STOPP.
471-C, the C-terminal OB-fold domain of short-STOPP, also formed 12-to 24-mer oligomers in our previous studies [21] . It remains unclear whether 471-C similarly forms either of the two multimeric structures of 1510-C. However, 471-C may form dimer-forming interface 1 by inter-molecular interactions with conserved residues. Stomatin has also been shown to form high order homo-oligomeric complexes comprising 9-to 12-mers [12] , and the SPFH domain of stomatin forms a stable trimer according to the crystal structure of the core domain of stomatin PH1511 from P. horikoshii [15] . The multimeric properties of the C-terminal domain of STOPP are also important, and may be involved in the formation of the multimeric complexes of stomatin and STOPP.
In conclusion, the structure of 1510-C provides an insight into the multimeric assembly of 1510-C by crystal packing. By assuming that the 1510-C dimer is a basic unit, 1510-C forms a large cylinder-like structure composed of 24 subunits, or a large triangular prism-like structure composed of 12 subunits. In our previous study involving cross-linking and BN-PAGE experiments on 1510-C, the 1510-C domain formed 12-to 24-mer oligomers [21] . The multimeric assembly formed by the crystal packing appears to conform to the cross-linking and BN-PAGE results. 1510-C may function as a scaffold protein to form a multimeric assembly of STOPP and stomatin.
Materials and methods
Protein preparation and crystallization
1510-C (residues 371-441 of PH1510) was mostly prepared as described previously [21, 22] . In the final stage, the protein was purified with a HiTrap SP cation-exchange column in an AKTAprime plus system (GE Healthcare) using a buffer containing 20 mM MES-NaOH (pH 6.0) and then eluted with a linear gradient from 0 to 1 M NaCl. Fractions containing the target protein were concentrated with a Vivaspin-20 centrifugal concentrator (Sartorius) with a cut-off molecular mass of 5 kDa, and a buffer containing 50 mM Tris-HCl (pH 7.5) and 50 mM NaCl was added to the Vivaspin-20 concentrator. The concentration and addition of the buffer were repeated twice to change the buffer completely.
Crystallization drops were prepared by mixing equal volumes 
Data collection and structure determination
A crystal was transferred into a solution of 20% (v/v) glycerol in the reservoir solution, and flash-frozen at 95 K. X-ray diffraction data were collected at beamline BL17A of the Photon Factory in KEK (Tsukuba, Japan) with a Quantum 315r CCD detector, and were then integrated and scaled with XDS [37] and SCALA [38] .
The structure was determined by the molecular replacement method with the program PHENIX [39] . The core region of the solution structure of the C-terminal region of short-STOPP PH0471 (residues 85-143) was used as an initial model (PDB: 2EXD) [30] . After auto MR and auto model building steps with PHE-NIX, R and R free values became 0.28 and 0.34, respectively, although the sequence identity between 1510-C and 471-C was relatively low, 33% [21] . The model was subjected to several cycles of maximum-likelihood refinement with REFMAC5 [40] in the CCP4 suite [41] , followed by manual model fitting with COOT [42] . Data collection and refinement statistics are summarized in Table 1 .
Interface areas were calculated with Protein interfaces, surfaces and assemblies service PISA at the European Bioinformatics Institute (<http://www.ebi.ac.uk/pdbe/prot_int/pistart.html>), authored by E. Krissinel and K. Henrick. The least-squares fit between two structures were performed with PDBeFold [34] . All molecular figures were produced with PyMOL (<http://www. pymol.org/>). The atomic coordinates and structure factors have been deposited in the Protein Data Bank Japan (PDBj) with the accession code PDB: 3WWV. [25] is manually placed into the cylinder-like multimeric structure (B) or triangular prism-like multimeric structure (C) of 1510-C. The dashed ellipses show one unit of the 1510-N dimer and 1510-C dimer (One monomer is colored orange, while the other is colored magenta). In the other units, the 1510-N dimer and 1510-C dimer are shown as the same colors. N and C denote the N-and C-termini of both 1510-N and 1510-C. The views of (B) and (C) are almost the same as that in Figs. 5 and 6B, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
